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Abstract 
This article presents the development of a test bench for the characterization of batteries for solar uses as well as 
results of tests conducted using solar batteries. The test bench comprises three main blocks: the thermal module, the 
power supply and the measuring module. The thermal module consists of a thermally regulated bath with a heating 
and cooling system capable of maintaining a constant working temperature with an accuracy of ± 0.3 °C. The power 
supply is a bipolar Kepco, BOP 36-12D that allows charging and discharging of batteries with a control unit that 
allows its automatic operation. Finally, the measuring system comprises a set of sensors and circuits with the 
capability of logging battery voltage, charge / discharge current, density and temperature. All these variables are 
measured with an error lower than that specified by the standard IEC 61427 - 2005. Gathered data are transmitted to a 
PC where they are recorded and displayed in real time. The software supports various charge / discharge profiles with 
different values of the current, the bath temperature and test duration hence allowing the possibility of cyclic testing. 
The test bench developed is currently the first of its kind in the country with the capability to comply with standards 
as to the characterization of solar batteries is concerned. 
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1. Introduction 
The global energy crisis is one of the more worrying social problems of today. On one hand, the 
limited stocks posed by traditional energy sources involve a search for alternatives, on the other hand, 
fossil fuels are to blame for serious environmental problems, mainly with the generation of greenhouse 
gases which cause dangerous global warming. 
This situation is worldwide and promotes the use of renewable energy, not only by the untapped 
potential they present, but also for allowing access to a clean energy mode in urban and rural areas [1]. 
In recent years, the solar photovoltaic market grew at an accelerated pace being the grid connected 
photovoltaic sector the most dynamic [2]. The reason for this explosion is essentially due to the 
implementation of national programs in developing countries that favor "clean energy". Leveraging this 
dynamic, new rural electrification projects in developing countries are mainly engaged in the installation 
of stand-alone photovoltaic systems (SAPS). Argentina is part of this trend and through Renewable 
Energy Project in Rural Markets (PERMER) which started in 1999, many provinces have been benefited 
from new photovoltaic installations to supply electricity to schools, community centers, health centers and 
homes [3]. In 2008 it was concluded the first stage of the project in the province of Corrientes with the 
electrification of 85 rural schools using SAPS with a total power installed of 69 kWp 
The installed systems comprise photovoltaic modules, energy storage or battery bank, charge regulator 
and DC/AC inverters. Battery banks are composed of 12 V monoblock vented lead-acid batteries provided 
by two local manufacturers. 
Since the SAPS is the only source of energy available the energy storage bank is a key point, therefore, 
assessing its behavior is of vital importance given that the batteries are the least reliable components in the 
generating system. An incorrect determination of the actual battery capacity leads to erroneous estimates 
of the reliability of the SAPS. Furthermore, an incorrect load management and discharge leads to a 
premature loss of capacity. 
In recent years, studies conducted by the Grupo en Energías Renovables (GER - UNNE) in rural 
Northeast of Argentina (NEA) has verified that one of the main causes of power failure of these SAPS is 
the premature capacity loss of the battery bank. [1]. This fact led to the development of a system for 
battery testing to determine the actual capacity of the storage systems as well as the lifetime of the types 
of batteries used in the PERMER installations. 
2. Standards and Test Procedures for solar battery testing 
The batteries are subject to different charging and discharging cycles and also experience a wide range 
of operating conditions. These variations are due to the different uses and operating temperatures to which 
they are subjected in the place where they are installed. In turn, this results in different performance 
characteristics and mechanisms leading to battery failure. At present there are several standards that can 
be applied to test the types of batteries used in Renewable Energy Systems (RES). Some of these are 
specific standards for autonomous systems. 
The standard IEC 61427 - 2005 proposes different testing methodologies to evaluate battery 
performance. There are tests intended for the determination of capacity, durability, charge retention, 
capacity recovery and charge/discharge efficiency. These tests should be performed at a constant 
temperature of 25 °C in a temperature controlled water bath and under controlled voltage and current. 
For the determination of the capacity at a given discharge rate a series of charge-discharge cycles must 
be carried out first with resting time (3 to 4 cycles) of the battery to stabilize its capacity. Actual battery 
capacity can be determined once this previous step is finished and it will be equal to the product of time 
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required to reach the battery minimum voltage limit multiplied by the amount of current that was 
extracted from the battery. 
The durability of a battery is defined as the capability to withstand repeated charging and discharging 
cycles. 
The charge retention test aims to assess the remnant capacity of the battery after a period left at open 
circuit. In other words, what is evaluated is the self-discharge of the battery. 
Under certain operating conditions the battery in SAPS may be left discharged for long periods of time. 
The capacity recovery test aims to evaluate the capability of the battery to recover from a deep discharge. 
Finally, the charging/discharging performance test aims to evaluate the efficiency (ratio of Ah supplied 
in a discharge and the amount of Ah required for the load). This feature is important for the batteries used 
in low intensity regimes during discharge and with charging rates similar to that supplied by the PV array. 
During all tests several variables are measured: voltage at battery terminals, current, operation 
temperature, duration of test and electrolyte density. Table 1 presents the instrumental precision that must 
be met for each variable measured according to standard IEC 61427 - 2005. 
Table 1. Required instrumental precision according to standards  
Description Required 
precision 
Voltage ±0,5% 
Current ±1% 
Temperature ±1 ºC 
Time ±0,1% 
Electrolyte density ±0,5 g/l 
Water bath temperature ±2 ºC 
 
In Argentina there exist no official standards for solar battery testing, therefore, the GER has proposed 
a test protocol derived after analyzing the following international standards: 
 
Document ANC-0603-11-1. Draft - Cells and Secondary Batteries for Solar Photovoltaic Systems. 
General Requirements and Test Methods. UPME, Bogotá (2003). 
 
ANEXO DA PORTARIA INMETRO No. 004/2011. Requisitos De Avaliação Da Conformidade Para 
Sistemas e Equipamentos Para Energía Fotovoltaica (Módulo, Controlador De Carga, Inversor e Bateria) 
 
IEC 61427 - Secondary cells and batteries for photovoltaic energy systems (PVES) - General 
requirements and methods of test. 
 
IEC 60896-1, Stationary Lead-Acid Batteries - General Requirements and Methods of Test - Part 1: 
Vented Types. 
3. Characterization system developed 
The characterization system developed from the analysis of previous works by Carr [4] and Vera [5, 6, 
7] with the objective of evaluating the performance of 12 V monoblock batteries and nominal capacity not 
exceeding 220 Ah. With this system it is possible to perform all the tests described in the proposed 
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protocol. Measurement of voltage, current, temperature and time are performed automatically and 
electrolyte density is carried out manually. Figure shows a block diagram of the developed system. Three 
main blocks are identify: 
1) Thermostatic bath: consists of a thermally insulated tub into which battery to be tested are place 
partially submerged in a thermal fluid. The bath comprises heating and cooling devices and a temperature 
control system. 
2) Power supply system: bipolar power source and a control module allow automatic charging and 
discharging of the battery. 
3) Measuring system and data storage: measurement of the different variables (current, voltage, 
temperature, time and density) is performed by different sensors. The data gathered is collected by a 
computer for storage, real time display and data analysis. 
The computer runs a software designed to control the parameters of each test (voltage limits, charge / 
discharge current, bath temperature, etc.). The program also stores and presents in real time measurements 
made by each sensor. A microcontroller ATmega328 is the link between the computer and sensors. 
 
 
Fig. 1. Block diagram of the system developed. 
4. Thermostatic bath 
The thermostatic bath comprises by a 110 liters capacity tub specifically designed to accommodate the 
batteries under test. Figure 2 shows a schematic diagram of the bath and its constituent elements. Two 
batteries can be tested simultaneously in the tub. The batteries are partially submerged in water (up to 25 
mm. from the top) which acts as a heat exchange fluid and due to its high specific heat ensures high 
thermal inertia. To achieve the selected working temperature the bath includes heating and cooling 
devices. The heating system is composed of two 1500 W heating elements which allow to reach 
temperatures above ambient temperature. A conventional 1200 thermal W vapor compression 
refrigeration system drives temperatures below ambient. In this way it is possible to set temperatures in a 
range from 10 °C to 60 °C. This temperature work range allows simulating conditions equivalent to 
different seasons and to perform accelerated degradation tests. 
To prevent temperature stratification of the thermal fluid a pumping system was installed to recirculate 
the fluid. 
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A temperature control system mantains a stable working temperature of the thermostatic bath to user 
predefined values. The controller plays a major role in the stability of the bath temperature. To minimize 
deviations from the set temperature the controller was designed taking into account the thermal behavior 
of the bath. Using mathematical modeling techniques the transfer function of the bath was determined and 
in turn allowed developing a proportional type controller which was implemented digitally [8]. 
 
 
Fig. 2. Thermal bath and components. 
An algorithm that automatically determines the operation of the heating and cooling system taking into 
account ambient and fluid temperatures was developed as well. The operation mode is shown 
schematically in Figure 3. 
 
 
Fig. 3. Diagram of the decision making algorithm for the control system. 
Where Tm is the fluid temperature, Te and Tr are the ambient and working temperature respectively. 
At startup the control system will keep the heaters or the cooling system on until the selected set point 
temperature is reached, hereafter the algorithm will determine which of the conditioning systems will 
maintain the fluid temperature at the desired value. 
5. Energy supply system 
A Kepco BOP 36-12D bipolar power source with a peak power of 400 W is used for charging and 
discharging the battery during the test. The power source supplies a voltage output of ± 36 V and currents 
up to 12 A with both polarities [9]. The source is automatically controlled throughout the analog control 
channels which are part of the equipment. Figure 4 presents the block diagram of the electronic control 
unit designed and implemented for this purpose. 
Voltage and current output from the power source are transferred from the computer to a 
microcontroller that is part of the electronic control. Hence, a Digital to Analog Converter (DAC) with a 
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12-bit resolution and a matching circuit provides the appropriate signal to be injected into the control 
channels of the power source. 
 
 
Fig. 4. Block diagram of the electronic control of the power source. 
6. Measuring system and data storage 
Variables measured during tests are: the voltage at the battery terminals, the charge / discharge current 
and the temperature of the bath. This measurement is performed by circuits designed and developed 
specifically for this purpose. The signals from the various sensors and circuits are acquired through the 
10-bit resolution Analog to Digital Converter (ADC) channels of an ATmega328 microcontroller. 
Captured data is transferred to the PC via a high speed USB connection. 
The voltage at the battery terminals varies between 10.8 V when fully discharged and 14.4 V when 
fully charged. Prior to be acquired by the ADC the signal is conditioned using a high input impedance 
circuit and an adaptation stage. 
The current injected to or drawn out from the battery have a maximum value of 12 A and is measured 
using a shunt resistor with a ratio of 60 mV at 25 A with 0.5% precision. Prior to acquisition the voltage 
drop across the shunt is amplified and conditioned. 
The working temperature is measured using four-wire Pt100 sensors. 
A computer program records and stores the measured variables and monitors in real time the progress 
of the test. The program allows the user to select which of the before mentioned tests is to be applied to 
the battery and even supports the modification of any of the test parameters such as fluid temperature, 
charge/discharge current and test duration [10]. 
7. Calibration of the electronic circuits developed 
Each of the electronic circuits described previously was calibrated using traceable instruments. The 
uncertainties determined are shown in Table 2. 
Table 2. Precision of the measuring systems developed. 
Description Determined precision 
Voltage ±0,18% 
Current ±0,88% 
Temperature ±0,3 ºC 
Time ±0,1% 
Electrolyte density ±0,5 g/l 
Water bath temperature ±0,8 ºC 
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8. Setup of the test bench 
The computer, power source, control electronics and measuring electronics were mounted on a vertical 
rack as shown in Figure 5. The LEDs in the front panel indicate the status of the water bath and 
conditioning system (cooling mode, heating mode; recirculation of water). Figure 6 depicts the 
thermostatic bath with a battery in it. The white material covering the surface of the water is expanded 
polystyrene beads which forms an insulating layer to prevent evaporation of the fluid and thermal losses. 
 
 
Fig. 5. Monitoring and control console. 
 
Fig. 6. Water bath. 
9. Results 
Preliminary tests were performed on batteries supplied by local manufacturers. Following the EN 
61427 – 2005 standard 3 to 4 capacity stabilization cycles were performed prior to proceeding to the 
determination of the actual battery capacity. Capacity stabilization is considered to be reached when the 
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capacity difference determined between two consecutive cycles is lower than 2%. The battery is 
considered to meets the standard when the capacity after these cycles is greater than 95% of the nominal 
capacity reported by the manufacturer. 
Figures 7 and 8 show the outcome of a test performed with the developed test bench. The results 
correspond to a test performed to a 12 V monoblock battery with a 190 Ah nominal capacity at a 
discharge rate of C20, this is, with an I20 discharge current of 9.5 A. 
The blue and green lines in Figure 7 depict the time evolution of the voltage and current during the 
capacity stabilization cycles and the constant red line is the temperature of the water bath. The different 
stages can be observed during each cycle, charge, rest and discharge. The charge period is performed till 
the battery voltage measured at its terminals reaches 14.4 V and the discharge till the voltage drops to 10.8 
V. Both cycles are performed at constant current. In the case depicted in Figure 7 the first three 
charge/discharge cycles correspond to the capacity stabilization stage and the last discharge is taken for 
the determination of the actual battery capacity. 
Figure 8 depicts only the discharge curves of each cycle. The test was performed at C20, this is, if 
discharging is set at a current regime I20 (as specified by the standard) it should take 20 hours for the 
battery to reach its minimum voltage of 10.8 V. Observing the different curves it can be seen that the 
tested battery does not meet the requirements set by the standard because the voltage drops to 10.8 V in 
only 18 hours. 
A second test was carried out to the same battery with the aim of assessing the charging / discharging 
efficiency. In this test the battery has to be brought to different states of charge (SOC) and measure the 
ratio between the amount of energy delivered during the discharge and the amount of energy required for 
charging. The standard IEC 61427 - 2005 establishes that the test should be performed at three SOC 
values, 90%, 75% and lower than 50%. For these reference SOCs the resulting battery efficiency must be 
higher than 85%, 90%, 95% respectively. 
The results for the battery under study using the developed test bench developed were as follows: 60% 
efficiency to the first SOC, 80% and 92% efficiency for the following SOCs, respectively leading to the 
conclusion that this particular battery does not meet the requirements set by the standard. 
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Fig. 7. Time evolution of variables measured during a battery capacity test. 
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Fig. 8. Discharge curves for the cycles performed during the battery capacity test. 
10. Conclusions 
The main conclusions drawn from the were are:  
x An automatic controlled battery test bench was developed which is capable of performing 
different types of tests in compliance with the EN 61427 – 2005 standard. 
x The thermostatic bath has the capacity to test two batteries simultaneously. 
x A control system capable of maintaining a stable temperature bath for long periods of time 
was designed and implemented. 
x The precision characteristic of the measuring electronics developed is in compliance with the 
IEC 61427 - 2005 standard. 
x The possibility of performing the automated test enables accelerated cyclic testing for battery 
characterization. 
x The first solar battery test protocol was drafted taking into account to comply with 
international standards and in line with local manufacturers needs. 
x A test performed to a stationary solar battery made in Argentina leads to the preliminary 
conclusion that it does not comply with the standard or at least, it does not meet the 
specifications provided by the manufacturer. This fact needs further study and some 
consultation with the manufacturer 
Furthermore, to fully characterize the battery destructive testing to analyze cell plate composition, 
residues, etc. is contemplated to be implemented in the future. 
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